Background: The aim of the study was to assess the accuracy of ultrasound shear wave elastography in the diagnosis of adenomyosis. Methods: One hundred and fifty three patients were examined. Ninety-seven patients were with suspected adenomyosis and 56 patients were with unremarkable myometrium. Adenomyosis was confirmed in 39 cases (A subgroup) and excluded in 14 cases (B subgroup) in the main group based on morphological examination. All patients underwent ultrasound examination using an Aixplorer (Supersonic Imagine, France) scanner with application of shear wave elastography during transvaginal scanning. Retrospective analysis of the elastography criteria against the findings from morphological/histological examination was performed. Results: The following values of Young's modulus were found in subgroup A (adenomyosis): Emean -72.7 (22.6-274.2) kPa (median, 5-95th percentiles), Emax -94.8 (29.3-300.0) kPa, SD -9.9 (2.6-26.3) kPa; in subgroup B (non adenomyosis) -28.3 (12.7-59.5) kPa, 33.6 (16.0-80.8) kPa, 3.0 (1.4-15.6) kPa; in the control ) kPa, 2.3 (1.3-6.1) kPa, respectively (P < 0.05 for all comparison with subgroup C and the control group). The Emean cut-off value for adenomyosis diagnosis was 34.6 kPa. The sensitivity, specificity, positive predictive value, negative predictive value and area under curve (AUC) were 89.7%, 92.9%, 97.2%, 76.5% and 0.908. The Emax cut-off value was 45.4 kPa (89.7%, 92.9%, 97.2%, 76.5% and 0.907, respectively). Conclusion: This study showed a significant increase of the myometrial stiffness estimated with shear wave elastography use in patients with adenomyosis.
Introduction
Adenomyosis is one of the most extensive pathologies of the upper female reproductive system, secondary to leiomyoma and inflammatory diseases. According to different authors, the prevalence of adenomyosis varies from 10-15% up to 60-70% depending on the population examined and diagnostic methods used. 1, 2 In all, 20 to 48% of women with infertility suffer from genital endometriosis and adenomyosis particularly. Prevalence of adenomyosis among women with chronic pelvic pain syndrome is 70%. 3 It is essential to note the oncological potential of this pathology, as there are several reported cases of malignant transformation of adenomyosis to endometrial adenocarcinoma. [4] [5] [6] [7] The disease recurrence after palliative removal of an abnormal focus reaches 30-50%, and adenomyosis can therefore be compared with a tumour process. 8, 9 Adenomyosis can be a subtle, infiltrative disease and accurate diagnosis can, therefore, be challenging. Advanced cases may be resistant to conservative treatment and can involve nearby organs, considerably complicating surgical treatment. 2 Early detection of the disease is therefore important for clinical practice. Uterine enlargement, menstrual disorders such as dysmenorrhoea, menorrhagia, dysfunctional uterine bleeding and pelvic pain are considered to be the typical clinical hallmarks of adenomyosis. However, these symptoms coincide with histologic diagnosis in as few as 22-65% of cases. 10, 11 Preoperative diagnostic tools are required to avoid unnecessary hysterectomy based on inaccurate clinical diagnosis and to investigate non-surgical and minimally invasive surgical alternatives. The basis for relevant implementation of diagnostic imaging tools is understanding of the relationship between image findings and the characteristic structural pathological changes and the diagnostic accuracy of these findings. 12 The following examination methods are most commonly used for the diagnosis of adenomyosis in clinical practice: hysteroscopy, 13 ultrasound 12 and magnetic resonance imaging. 14, 15 Studies reporting the diagnostic accuracy of ultrasound for adenomyosis are rather contradictory; its accuracy is in the range of 38.4 to 86.4%. [16] [17] [18] [19] [20] According to Levgur, 21 who analyzed publications in the English-language literature for 56 years (from 1949 to 2005), the sensitivity of ultrasound in the diagnosis of adenomyosis is between 50 and 87%. According to Dueholm, 12 the sensitivity of transvaginal ultrasound varied between 53 and 89% and the specificity between 50 and 99%.
The subjective nature of B-mode image interpretation by each operator is a recognized limitation of ultrasound as a modality and is undoubtedly the cause of the accuracy range mentioned above. The image characteristics of adenomyosis most commonly seen during the transvaginal examination include heterogeneous and hypoechogenic, poorly circumscribed areas in the myometrium. 19 These areas may appear with or without anechoic lacunae or cysts of varying size, and the echo texture of the myometrium may be increased. Moreover, there may be linear striations radiating out from the endometrium into the myometrium, and an indistinct endomyometrial junction with a pseudo-widening of the endometrium. 22 Nowadays, many authors report high accuracy levels of magnetic resonance imaging for diagnosis of adenomyosis by evaluation of the junctional zone. 14, 15 Unfortunately, high cost of examination limits the use of this method for routine examination. That is why, in spite of the significant success of magnetic resonance imaging for gynaecological pathology diagnostics, especially adenomyosis, ultrasound remains the primary noninvasive method of diagnosis. 19 Many new developments in ultrasound techniques have provided additional information from the ultrasound examination with little extra effort from the practitioner. The most important have been contrastenhanced ultrasound and ultrasound elastography. These combined with B-mode, colour and spectral Doppler, 3D and 4D imaging create multiparametric ultrasound. 23 Two main forms of ultrasound elastography have become established in clinical practice. These are strain elastography and shear wave elastography. [24] [25] [26] All current commercial elastography systems need to measure tissue displacement. The various systems differ in how the displacement is used; it may be imaged directly and converted to strain (strain elastography), or used to detect the time of arrival of shearwaves and hence their speed (shear wave elastography). The shear-wave speed can be converted to a Young's modulus value, and the measurement given in kPa. 27 Shear wave elastography is becoming an increasingly popular technique in the diagnosis of different organs and systems diseases. 24 It is known that characteristic changes of the myometrial structure in cases of adenomyosis include the growth of adenomyosis foci within the interfascial compartment of connective tissue between the fascicles of hypertrophic smooth muscle cells, accompanied by myometrial hyperaemia, lymphostasis, oedema of perivascular myometrium tissue and leiomyomatosis of myometrial perifocal hyperplasia around adenomyosis foci. 28, 29 These changes in the tissue ultrastructure may modify the stiffness of the myometrium, which can be detected by ultrasound elastography.
The aim of this retrospective study was to assess the value of ultrasound shear wave elastography in the diagnosis of adenomyosis and to compare the obtained data with the results of morphological examination of operative material.
Materials and methods
One hundred fifty-three patients were examined. All patients underwent examination and treatment at the Diagnostic Centre and Department of Surgical Gynecology of S.P. Botkin City Clinical Hospital, Moscow. Ethical Committee approval was given, and written consents were obtained prior to commencing the study. Ninety-seven patients among 153 patients were with suspected adenomyosis (including standard ultrasound criteria (Figure 1) ). 12, 30 Their average age was 48 years old (30-70, 28-75) (median, 5-95th percentiles, minimum-maximum values).
Fifty-three patients among those 97 patients underwent hysterectomy with or without salpingo-oophorectomy. The main indications for hysterectomy were regular and irregular pathological menorrhagia with iron deficient anaemia of patients due to adenomyosis with uterine fibroids and adnexal pathology. Forty-five patients among those 97 patients underwent hysteroscopy only. Indications for hysteroscopy were as follows: menorrhagia and dysfunctional uterine bleeding suspicious for adenomyosis, endometrial pathology (endometrial polyp and glandular hyperplasia) and submucous leiomyoma and investigation of the uterus in cases of infertility. Although hysteroscopy is one of the methods which can be used for diagnosis of adenomyosis by visualization of hypervascularization, strawberry pattern, cystic localized lesions or endometrial defects with an irregular endometrial lining, 13 verification of adenomyosis diagnosis was based on the histology results from operative material only. Adenomyosis was defined microscopically by the presence of ectopic endometrial glands and/or stroma in the myometrium, located 2.5 mm beyond the endometrial junction. 30 Fifty-three patients who underwent hysterectomy with or without salpingo-oophorectomy formed the main group. Their average age was 47 years old (32-58, 30-62) (median, 5-95th percentiles, minimummaximum values). Adenomyosis was confirmed in 39 cases (A subgroup) and excluded in 14 cases (B subgroup) in the main group based on morphological examination of operative material (Tables 1 and 2) .
Fifty-six patients of reproductive age formed the control group. Criteria of inclusion into the control group were as follows: regular menstrual cycle; sonographically unremarkable myometrium (the lack of diffuse and focal pathology features, inflammatory diseases); the lack of conservative myomectomy and previous caesarean section; more than 6 months gap after the previous delivery; lack of contraceptive pill use. The average age of the control group was 30 years old (21-45, 18-50) (median, 5-95th percentiles, minimum-maximum values). All patients underwent pelvic ultrasound according to the standard protocol, including transabdominal and transvaginal techniques. Ultrasound was performed before laparotomy in patients of the main group during the first phase of the menstrual cycle and on the day of admission to the hospital in cases of menopause. The study was performed on an Aixplorer (Supersonic Imagine, France) scanner with both curved array transabdominal probe with an operative frequency range 1-6 MHz and curved array transvaginal probe with an operative frequency range 3-12 MHz. Shear wave elastography was used in case of transvaginal examination with the endocavitary (transvaginal) transducer operating at a depth of up to 3 cm, which is defined by the technical limitations of this technique. Scanning was performed without additional compression movements of the hand and transducer. The minimum amount of pressure on the cervix as possible was applied. At each imaging plane, the probe was held steady for approximately 3-5 seconds (several frames) to obtain a stabilized image. The technique used was in accordance with previous literature published by Mitkov et al. 31 Young's modulus is one of the quantities for measuring the stiffness. Its unit, kPa, was used for stiffness assessment. The scale of Young's modulus, which is used in gynaecological mode (180 kPa), was increased up to 300 kPa as required for the patients of the main group. Numerical values of Young's modulus were measured in the areas of maximum myometrium stiffness. Sampling areas were chosen based on B-mode appearances for the patients of the main group. It is worth mentioning that the degree of myometrium stiffness according to the elastography data did not always correlate with the degree of myometrial heterogeneity on B-mode. Areas of interrogation were chosen to avoid fibroids in cases where both pathologies coexisted. Measurements were performed under conditions of full staining of the colour window (shear wave elastography imaging). The tissue stiffness of the examined area (kPa) was displayed with a colour map in real-time mode. Tissues of greater stiffness were characterized by high range of Young's modulus, and mapped by red, green and yellow colours. The less stiff tissue with lower range of Young's modulus was displayed predominately by a blue range of colours. The evaluation of tissue stiffness was performed in regions of interest (Q boxes), which were presented by round-shaped circles with adjustable diameter up to 10 mm. We used standard regions of interest (in shape and size). All images and data were saved in the machine's storage for further assessment and processing.
The following numerical values (statistics) of Young's modulus (E) were determined automatically in a region of interest (Q Box): the average value (Emean), minimum value (Emin), maximum value (Emax) and standard deviation (SD). Emean, Emax and SD were used for the analysis. Measurements were performed in three regions of interest (Q boxes). Then the average values of Emean, Emax and SD were determined.
Statistical analysis was performed with MedCalc Statistical Software. Quantitative data were displayed as median, 5th and 95th percentiles and minimum and maximum values. The Mann-Whitney test was used to compare two independent groups, and the Friedman test was used for multiple comparison. The differences were considered to be significant with P < 0.05. The diagnostic potential of shear wave elastography was assessed by receiver operator characteristics (ROC) curve analysis. The ninety five percent confidence interval (95% CI) was presented for sensitivity, specificity, positive predictive value and negative predictive value. 
Results
Retrospective analysis of shear wave elastography results against the results of morphological examination of operative material was performed.
It is worth noticing that shear wave elastography imaging (colour window) with adenomyosis was characterized by red, green and yellow colours (predominately heterogeneous staining due to high stiffness) (Figures 2 and 3) . At the same time, unremarkable myometrium in all cases was mapped by blue colour (homogenous staining against the background of normative values of Young's modulus) ( Figure 4) . However, the tint of colour range depended on the chosen scale of Young's modulus. As mentioned above, the determined value of the scale in gynaecological mode is 180 kPa. In the course of the research, it became clear that increasing the scale (up to 300 kPa) did not influence Young's modulus values, received from elastography in the interest area, but did alter the tint of the colour range.
Emean characteristics in A subgroup were within the range from 15.3 to 299.0 kPa, in B subgroup, they were from 10.6 to 65.7 kPa and in the control group, they were from 17.0 to 33.8 kPa (minimum and maximum values).
Emax characteristics in A subgroup were within the range from 20.4 to 300.0 kPa, in B subgroup, they were from 13.9 to 89.7 kPa and in the control group, they were from 19.8 to 44.9 kPa (minimum and maximum values).
SD characteristics in A subgroup were within the range from 2.3 to 43.5 kPa, in B subgroup, they were from 1.3 to 17.8 kPa and, in the control group, they were from 0.9 to 9.1 kPa (minimum and maximum values). Other statistics of Emean, Emax and SD are given in Table 3 . The significant differences between the patients of A subgroup from the one side and patients of the control group and B subgroup from the other side were obtained when comparing Emean, Emax and SD. Difference between the B subgroup and control group were not significant with the exception of SD.
The ROC curve was generated using the Young's modulus and the pathologic result (histological presence or absence adenomyosis). The Emean cut-off value was 34.6 kPa ( Figure 5 ). The sensitivity, specificity, positive predictive value, negative predictive value and area under curve (AUC) were 89.7% (75.8-97.1%) (95% CI), 92.9% (66.1-99.8%), 97.2% (85.5-99.9%), 76.5% (50.1-93.2%) and 0.908.
The Emax cut-off value was 45.4 kPa ( Figure 6 ). The sensitivity, specificity, positive predictive value, negative predictive value and area under curve (AUC) were 89.7% (75.8-97.1%) (95% CI), 92.9% (66.1-99.8%), 97.2% (85.5-99.9%), 76.5% (50.1-93.2%) and 0.907.
Discussion
The sensitivity and specificity of ultrasound shear wave elastography in adenomyosis diagnosis was 89.7 and 92.9%. It is a sufficiently accurate primary noninvasive method for the diagnosis of adenomyosis in clinically suspicious cases. One should pay attention to the wide range of SD values with adenomyosis compared with normal myometrium. It can be argued that heterogeneity of myometrium seen with adenomyosis is often apparent on B-mode imaging based on subjective evaluation alone. However, with shear wave elastography, it seems possible to obtain statistically significant, objective information whilst reducing inter-operator variability. 32 This study is corroborated by the publication of Tessarolo et al. 33 who stresses the non-invasiveness of elastography, simplicity of its performance and the lack of significant extension of examination time. There are many studies presenting strain elastography only. 34, 35 Unfortunately, we cannot compare our results with strain elastography due to difference in technique methodology. According to Stoelinga et al., 34 strain elastography is able to identify clear discriminating characteristics of fibroids and adenomyosis, and elastographybased diagnoses are in excellent agreement with those of magnetic resonance imaging. A study by Frank et al. 35 suggests that maximum strain ratio allows the operator to assess the presence of a uterine fibroid or adenomyosis and helps to differentiate between both focal findings.
There have been a number of studies presented since the first publication of EFSUMB Guidelines and Recommendations on the Clinical Use of Ultrasound Elastography (Part 2), 24 which include a study of uterine cervix and assessment of cervix premature softening. Present challenges for future studies and quantitative stiffness assessment of placenta, uterine fibroids, adenomyosis and cervix in view of shear wave elastography use in diagnosis of reproductive system diseases are discussed. [36] [37] [38] [39] [40] 
Conclusion
Although this was one of the first studies of ultrasound shear wave elastography in the diagnosis of adenomyosis, the results are promising. The significant difference in stiffness of the myometrium with diffuse change in comparison with normal myometrium is presented. This technique may help to increase the accuracy of ultrasound in adenomyosis diagnosis, which could subsequently decrease the need for invasive diagnostic procedures, including hysterectomy. The addition of shear wave elastography to the transvaginal scan does not demand any significant lengthening of examination time; however, the main constraint at present is its field of operation, which is defined by the manufacturer and machine specifications, limited in this study to a depth of 3 cm. This would obviously have implications for large or axially orientated uteri. The technique is not suitable for women in whom transvaginal examination is contraindicated. Future studies with greater data should be considered to support the findings of this study and to confirm the proposed clinical benefit to patients and gynaecologists.
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